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Abstract. Microscopic charcoal particles are fire-specific
tracers, which are ubiquitous in natural archives such as lake
sediments or ice cores. Thus, charcoal records from lake
sediments have become the primary source for reconstruct-
ing past fire activity. Microscopic charcoal particles are gen-
erated during forest and grassland fires and can be trans-
ported over large distances before being deposited into natu-
ral archives. In this paper, we implement microscopic char-
coal particles into a global aerosol–climate model to better
understand the transport of charcoal on a large scale. Atmo-
spheric transport and interactions with other aerosol parti-
cles, clouds, and radiation are explicitly simulated.
To estimate the emissions of the microscopic charcoal par-
ticles, we use recent European charcoal observations from
lake sediments as a calibration data set. We found that scaling
black carbon fire emissions from the Global Fire Assimila-
tion System (a satellite-based emission inventory) by approx-
imately 2 orders of magnitude matches the calibration data
set best. The charcoal validation data set, for which we col-
lected charcoal observations from all over the globe, gener-
ally supports this scaling factor. In the validation data set, we
included charcoal particles from lake sediments, peats, and
ice cores. While only the Spearman rank correlation coeffi-
cient is significant for the calibration data set (0.67), both the
Pearson and the Spearman rank correlation coefficients are
positive and significantly different from zero for the valida-
tion data set (0.59 and 0.48, respectively). Overall, the model
captures a significant portion of the spatial variability, but
it fails to reproduce the extreme spatial variability observed
in the charcoal data. This can mainly be explained by the
coarse spatial resolution of the model and uncertainties con-
cerning fire emissions. Furthermore, charcoal fluxes derived
from ice core sites are much lower than the simulated fluxes,
which can be explained by the location properties (high alti-
tude and steep topography, which are not well represented in
the model) of most of the investigated ice cores.
Global modelling of charcoal can improve our understand-
ing of the representativeness of this fire proxy. Furthermore,
it might allow past fire emissions provided by fire models
to be quantitatively validated. This might deepen our under-
standing of the processes driving global fire activity.
1 Introduction
Fires are an important component of the Earth system and
are closely linked to vegetation. They reduce biomass, influ-
ence the distribution of biomes, and alter biodiversity (Bond
and Keeley, 2005; Secretariat of the Convention on Biolog-
ical Diversity, 2001). Furthermore, fires have a large im-
pact on the atmosphere, mainly by emitting aerosol particles
and greenhouse gases (Crutzen and Andreae, 1990) and to a
smaller extent by altering the surface albedo (Gatebe et al.,
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2014). They threaten humans not only because of infrastruc-
ture and death risks but also because of carcinogenic smoke
emissions (Stefanidou et al., 2008).
The biosphere, the atmosphere, and humans not only are
impacted by fires but also influence them: the occurrence
and size of fires strongly depend on the vegetation proper-
ties (e.g. vegetation structure and moisture), on some cli-
mate variables (e.g. lightning frequency, precipitation, tem-
perature), and on human behaviour (e.g. land use changes,
firefighting) (Hantson et al., 2016). In recent years, global
fire models have become more advanced, but open questions
still remain, e.g. regarding the complexity needed for global
fire models (Hantson et al., 2016). Current fire models are
generally tuned to match observations from recent decades,
where satellite products give valuable information on the oc-
currence of fires. Thus, a major goal of current research is
to test the fire models against palaeo-fire data (Rabin et al.,
2017), which are independent of this tuning: only if the mod-
els are able to reproduce past conditions may they capture
the key processes driving fires and provide trustworthy infor-
mation about the future.
A number of natural archives provide information about
palaeo-fires on different spatial and temporal scales. Sedi-
mentary charcoal records from lakes and natural wetlands
are unique because of the broad temporal and spatial cov-
erage they provide, ranging from local to global and decadal
to millennial scales (Whitlock and Larsen, 2001; Schüpbach
et al., 2015). Recently, charcoal particles originating from ice
cores have also been analysed (Isaksson et al., 2003). Beside
charcoal particles, ice cores from glaciers and ice sheets also
preserve other (potential) fire indicators such as black car-
bon (BC) or molecular fire tracers (Rubino et al., 2016). Due
to their remote locations, ice cores can provide information
on regional to subcontinental scale fire activity. Especially
for the last ≈ 150 years, ice cores generally have a sound
chronology and a high temporal resolution, which allows re-
cent ice core data to be linked directly to coinciding satellite
observations or fire simulations. This is an advantage of ice
cores compared to other charcoal fire records, which are un-
dated in some cases and often have multi-decadal resolutions
only (with some exceptions such as sediment traps or varved
sediments).
Charcoal particles differ from BC (as defined in the aerosol
community; see e.g. Bond et al., 2013) in terms of formation
mechanism, size, density, and H : C and O : C ratios (Preston
and Schmidt, 2006; Conedera et al., 2009). BC condenses as
a secondary product from hot gases present in flames, thereby
forming aggregates of small carbon spherules. Characteristic
for BC particles are their submicron sizes and their very high
carbon content, the latter resulting in pronounced absorption
of visible light. In contrast, charcoal particles retain recog-
nisable anatomic structures of their biomass source, cover the
range from submicron to millimetre scale, and have consid-
erably higher H : C and O : C ratios than BC (i.e. containing
less carbon and thus absorbing less radiation). Both particles
have in common that they are formed during biomass burning
and are considered to be rather inert, unreactive substances.
Charcoal particles can be divided into microscopic (DM >
10µm, where DM is the maximum dimension of the parti-
cle) and macroscopic (DM > 100µm) charcoal particles. In
the most recent version of the Global Charcoal Database
(GCDv3), more than a thousand sites with charcoal data are
collected (Marlon et al., 2016). However, comparing data
from the GCD with output from fire models is challeng-
ing: the collected charcoal data are only comparable to a
certain degree due to differences in methods for extraction
and counting, locations/environments, chronologies, particle
sizes, values presented in percentages vs. concentrations or
influx, etc. To circumvent the problem of inhomogeneous
data, global synthesis studies such as Power et al. (2008) and
Marlon et al. (2008) homogenised, rescaled, and standard-
ised the data. The derived standardised scores (also called
Z scores) enhance the comparability of the data but give only
information about the relative changes of charcoal deposi-
tion. To estimate fire emissions from 1750 to 2015, van Marle
et al. (2017) combined satellite retrievals, standardised scores
from charcoal records, fire models, and visibility observa-
tions. The charcoal signal and the output from the fire models
were scaled to match average regional GFED (Global Fire
Emissions Database) carbon emissions from 1997 to 2003.
However, to validate fire models and fire emission invento-
ries, absolute values of charcoal fluxes (called influx or char-
coal accumulation rate in the palaeo-science community) are
still crucial.
To link the location of charcoal emissions (i.e. fires) with
the fluxes derived at the observation sites (e.g. lake sedi-
ment), the transport of the particles must be taken into ac-
count. Previous studies have already investigated the trans-
port of charcoal particles, which can take place in either air
or water depending on site conditions and record type (e.g.
Clark, 1988a; Peters and Higuera, 2007; Tinner et al., 2006;
Lynch et al., 2004; Itter et al., 2017). Instead of explicitly
modelling the transport, many of these studies chose a statis-
tical approach.
In his pioneering study, Clark (1988a) focused on the
transport of charcoal particles in air. He expected that the
transport in fire plumes (which uplift particles to high alti-
tudes) is responsible for nearly the whole long-range trans-
port of microscopic charcoal particles. Clark (1988a) calcu-
lated that the transport of charcoal particles can be subcon-
tinental to global: although charcoal particles are deposited
relatively quickly due to their large sizes, their low density
leads to considerably lower settling velocities compared to
other supermicron particles (such as mineral dust).
More recently, Peters and Higuera (2007) and Higuera
et al. (2007) used numerical models to simulate the major
processes involved in macroscopic charcoal accumulation in
lakes. Since they focused on charcoal particles from lake
sediments, Higuera et al. (2007) considered not only fire
conditions (size, location, and frequency) and transport but
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also sediment mixing and sediment sampling of macroscopic
charcoal, while microscopic charcoal remained unexplored.
In the very recent study of Adolf et al. (2018), a uniform
European data set of absolute charcoal fluxes is compared
to satellite data of important fire regime parameters such as
fire number, intensity, and burnt area at local and regional
scales. Microscopic and macroscopic charcoal number fluxes
are considered separately.
In this study, we explicitly simulate the aeolian trans-
port and deposition of charcoal particles, which allows for
quantitative comparison of simulated and observed charcoal
fluxes. To model the transport of charcoal particles glob-
ally, we used the global aerosol–climate model ECHAM6.3-
HAM2.3. We focus on microscopic charcoal particles, which
primarily originate from fires in a radius of up to 100 km
around the natural archive (Conedera et al., 2009) and are
thus less influenced by specific site conditions (e.g. nearby
burnable biomass). Part of microscopic charcoal particles can
be transported over larger distances. For example, Hicks and
Isaksson (2006) observed microscopic charcoal particles in
Svalbard, which probably originated from the neighbouring
continents and thus had been transported at least ≈ 1000km.
Using a global aerosol–climate model allows the meteoro-
logical conditions for the transport to be calculated online.
Furthermore, interactions of charcoal particles with other
aerosol particles, with clouds, and with radiation can be con-
sidered. These factors might impact the removal processes of
charcoal in the atmosphere and therefore where and when it
is deposited.
Our main goals are to study the transport of microscopic
charcoal particles on a global scale with a climate model and
to test the model performance using charcoal data from dif-
ferent palaeo-fire records. The structure of this paper is the
following: we first describe the charcoal data used for com-
parison with our simulations (Sect. 2). Subsequently, we de-
scribe the model, including the implementation of charcoal
particles as a new aerosol species into our aerosol scheme
(Sect. 3). In the “Results and discussion” section (Sect. 4),
a comparison between model results and charcoal observa-
tions is shown as well as general atmospheric properties of
the simulated charcoal particles such as mixing state. In the
conclusions (Sect. 5), we summarise the key findings of this
study.
2 Data
In this study, aerosol fire emissions (including charcoal) were
prescribed using a satellite-based emission inventory. Since
the emissions of microscopic charcoal are unknown, we esti-
mated them by scaling the fire emissions of BC and compar-
ing the model result to European charcoal observations (cal-
ibration data set, Sect. 2.1). The derived scaling factor was
then tested using different charcoal observations from vari-
ous regions around the globe (validation data set, Sect. 2.2).
2.1 Data used for calibration
To calibrate our emissions, we used the data from Adolf
et al. (2018). This data set comprises charcoal observations
from 37 lake sediments all over Europe (see Table S1 in the
Supplement). Compared to other parts of the world, biomass
burning emissions from Europe are small. Nevertheless, we
chose this data set because of its uniqueness: (i) annual fluxes
are estimated very accurately owing to the use of sediment
traps; (ii) due to the recent nature of the data (spring/summer
2012 to spring/summer 2015), it coincides with satellite-
based fire emissions; (iii) it includes a sufficiently large num-
ber of observation sites; (iv) it covers a region sufficiently
large to compare with a global model; and (v) all charcoal
samples were prepared with the same technique, and all par-
ticles counted by the same person.
For nearly all sediments considered in this study, we can
assume that the transport of charcoal takes place predomi-
nantly in air, not in water. However, for one lake in south-
ern Spain (Laguna Zóñar) and one in Switzerland (Mont
d’Orge), surface run-off is expected to be important because
of the bare soil around the lakes. Surface run-off can trans-
port deposited charcoal particles from the soil to the lake and
thus enhance the number of charcoal particles in the sedi-
ment traps. Therefore, data from these two sites must be in-
terpreted with caution.
Charcoal particles were counted in pollen slides with a
magnification of 200–250×. Samples for microscopic char-
coal analysis were treated following palynological standard
procedures (Stockmarr, 1971; Moore et al., 1991). All black,
completely opaque, and angular particles (Clark, 1988b) with
a minimum DM of 10µm and a maximum DM of 500µm
were counted following Tinner and Hu (2003) and Finsinger
and Tinner (2005).
2.2 Data used for validation
To validate the model results, we used microscopic charcoal
observations covering different parts of the world, which are
independent of the calibration data set. Table S2 summarises
the locations and the time (period) of the observations used
for validation. Overall, data from 32 lake sediments and peats
were compiled using the Alpine Pollen Database of the Uni-
versity of Bern (ALPADABA). While many charcoal obser-
vations from lake sediments and peats exist, charcoal parti-
cles have so far only been studied in a handful of ice cores
(e.g. this study; Isaksson et al., 2003; Eichler et al., 2011;
Reese et al., 2013). In our analysis, we include five ice core
records. Three of them were obtained in the frame of the
project “Paleo fires from high-alpine ice cores” (which also
includes this study), in which charcoal data from the Euro-
core 89, Greenland, were also analysed. One of them is from
Belukha glacier, Siberian Altai (Eichler et al., 2011).
The selected data are as homogeneous as possible: to
compare the data set with our simulated results, only num-
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ber fluxes of charcoal particles with a lower threshold of
DM = 10µm were considered. We excluded data using a dif-
ferent threshold or reporting no information from which we
could calculate fluxes. Since the preparation technique also
influences the estimated fluxes (Tinner and Hu, 2003), we
furthermore ensured that the sample preparation and charcoal
identification for the validation data set are identical to that of
the calibration data set. The only exception is the data from
Connor (2011). Instead of counting the number of charcoal
particles above 10µm, Connor (2011) measured the charcoal
area following the method from Clark (1982). To compare it
with the simulated number fluxes, the linear regression from
Tinner and Hu (2003) for Lago di Origlio was applied to the
observed data to convert charcoal area to number.
For the lake sediments and peats, we include additional
information about the dating of the records in Table S2. The
sediment age was used to calculate sediment accumulation
rates. Based on the original chronologies, we assumed a lin-
ear sediment accumulation between the two youngest char-
coal samples to calculate a sediment accumulation rate from
which we then derived the charcoal flux for the uppermost
sample of the record. By assuming a linear sediment accu-
mulation, we may underestimate true values given that sur-
face sediments are not compacted yet. The surface of the sed-
iment core usually reflects the time of drilling. Therefore,
the older the youngest dated point of the core, the larger the
uncertainty of the most recent sediment accumulation rate
and, consequently, the charcoal fluxes. Furthermore, the un-
certainty of the fluxes depends on the dated material and the
dating method (both listed in Table S2).
The ice cores considered for validation are derived
from Colle Gnifetti (Switzerland), Tsambagarav (Mongolia),
Belukha (Russia), Illimani (Bolivia), and Summit (Green-
land), thus spanning a wide range of the globe. An exotic
Lycopodium spore marker was added to the melted samples,
which were then evaporated to reduce the volume and after-
wards treated in the same manner as the standard sediment
samples (Brugger et al., 2018).
We only take into account data that are more recent than
1980 in the validation data set as we had to find a com-
promise between including observations reflecting the fire
conditions of the simulated period (2005–2014) and obser-
vations coming from many different locations but which are
older than the simulation period.
3 Methodology
3.1 Modelling charcoal particles in ECHAM6-HAM2
ECHAM6-HAM2 is a global climate model (ECHAM)
coupled with an aerosol model (HAM) and a 2-moment
cloud microphysical scheme. For more information about the
model, we refer to Stier et al. (2005), Lohmann et al. (2007),
Zhang et al. (2012), Stevens et al. (2013), and Neubauer et al.
(2014). Since this is the first time that microscopic charcoal
has been implemented into a global aerosol–climate model,
in the following we will thoroughly describe which aspects
need to be considered. First, we will describe general phys-
ical properties of microscopic charcoal and how these are
represented by the model (Sect. 3.1.1). Second, we will de-
scribe how a life cycle of charcoal particles is simulated, i.e.
from the emissions (Sect. 3.1.2) via atmospheric interactions
(Sect. 3.1.3, 3.1.4) through to deposition (Sect. 3.1.5). In the
end, some diagnostics complementary to the existing model
output will be briefly mentioned (Sect. 3.1.6).
3.1.1 Size distribution, shape, and density
HAM uses the so-called M7 scheme (Vignati et al., 2004),
which distinguishes seven aerosol modes classified by their
size and solubility: soluble nucleation mode (number geo-
metric mean radius rg < 5nm), soluble Aitken mode (5nm<
rg < 50nm), insoluble Aitken mode, soluble accumulation
mode (50nm< rg < 500nm), insoluble accumulation mode,
soluble coarse mode (500nm< rg), and insoluble coarse
mode. Each of these modes is log-normally distributed, and
the total aerosol particle size distribution is described by a su-
perposition of the seven modes. To implement charcoal par-
ticles, we extended the scheme by two additional modes (M9
scheme), namely by a soluble giant and an insoluble giant
mode. The giant mode has the same geometric standard de-
viation as the coarse mode (i.e. σg = 2). We restricted neither
the upper nor the lower bound of the giant mode, but the rg
of the emitted (i.e. initial) size distributions was set between
0.5 and 5µm (see Sect. 3.1.2). When a particle size distribu-
tion grows in M7, part of its mass and number is shifted to
the next-larger mode, e.g. from the nucleation to the Aitken
mode. To simplify diagnostics, we did not allow shifts from
the coarse to the giant mode.
In HAM, all aerosol particles are assumed to be spheri-
cal. This condition is not fulfilled for charcoal particles, but
at least microscopic charcoal particles seem to have a shape
closer to a sphere than macroscopic charcoal particles (Craw-
ford and Belcher, 2014). To compare our result with obser-
vations, we therefore use the volume-equivalent radius (req)
of charcoal particles. To estimate req, the geometry of char-
coal particles must be considered. Some studies analysed the
shape of charcoal particles and reported their aspect ratios
R = DM
Dm
, where Dm is the minimum dimension of a particle.
In the Supplement (Sect. S1.1), we summarise the findings
concerning R in the literature. In our model simulations, we
consider a range of R between 1.33 and 2.4 (corresponding
to req of 4.9 and 3.5µm); our initial estimate is R = 2 (corre-
sponding to req = 3.9µm).
A distinct characteristic of charcoal particles is their
low density. Renfrew (1973) reports values of 0.3–
0.6gcm−3; Sander and Gee (1990) report similar values
of 0.45–0.75gcm−3. Hence, we chose a particle density
of 0.5gcm−3 as an initial guess, which lies in the mid-
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dle of these ranges. For the test simulations, we considered
values where both observations overlap, i.e. from 0.45 to
0.6gcm−3.
3.1.2 Charcoal emissions
Thanks to fire emission inventories based on satellite data,
we have a good knowledge about where and when fires of
which sizes occurred in the last 1–2 decades. Nevertheless,
aerosol emissions from fires are still uncertain. This is caused
to a large degree by the pronounced variability of fires: emis-
sion factors (which relate the mass of the burnt vegetation
to the mass of emitted aerosol particles) vary considerably
depending for instance on vegetation type, fire temperature,
or fire dynamics. To our knowledge, no study has estimated
the emission factors of microscopic charcoal particles so far.
Clark et al. (1998) and Lynch et al. (2004) focused on macro-
scopic charcoal when estimating mass emission fluxes; there-
fore these values are not comparable.
Airborne measurements of aerosol particles from fires usu-
ally have upper cutoff sizes of a few micrometres or less (e.g.
Johnson et al., 2008; May et al., 2014). The aircraft measure-
ments by Radke et al. (1990) are exceptional since they in-
clude particles with sizes up to 3mm, therefore covering the
whole size range of charcoal. In their study, they set three
fires in North America. The measured particle size distri-
bution showed similar shapes for all of these burns. Radke
et al. (1990) report that a considerable fraction of the parti-
cles measured in the plumes were larger than 45µm in di-
ameter. From their data, we estimate that the mass emission
fluxes of supermicron particles should be of the same order
of magnitude as the mass emission fluxes of submicron par-
ticles, which is usually dominated by organic carbon (OC) in
fire plumes (Desservettaz et al., 2017). Thus, we assume that
all of these large particles are indeed charcoal and not ash or
other large particles emitted from fires.
Since both BC and charcoal particles form under condi-
tions when oxygen is limited in the burning process, we de-
cided to scale BC mass emissions from fires to derive char-
coal mass emissions. As a starting point for the scaling fac-
tor, we assume that the mass emission fluxes of microscopic
charcoal are comparable to those of submicron particles.
Since BC only contributes relatively little to the total sub-
micron particle mass, we scale the BC mass by a factor ≈ 10
(based on the ratios of BC to total submicron particles and
to OC; Desservettaz et al., 2017; Akagi et al., 2011; Sinha
et al., 2003). Furthermore, scaling aerosol emissions from the
Global Fire Assimilation System (GFAS) by a factor of 3.4
leads to a better agreement between simulated and observed
aerosol optical depth for both the global Monitoring Atmo-
spheric Composition and Change (MACC) aerosol system
and ECHAM6-HAM2 (Kaiser et al., 2012; von Hardenberg
et al., 2012). Therefore, we use a factor of 10 ·3.4= 34 as an
initial estimate. Then we adjust this scaling factor until the
simulated charcoal fluxes agree with the calibration data set
(Sect. 2.1).
To describe the fire emissions, we use BC, OC, and
SO2 mass emissions at a 3-hourly resolution by combining
the daily emissions from GFAS (GFASv1.0 until Septem-
ber 2014, GFASv1.2 afterwards) with the daily cycle from
GFED (year 2004; Kaiser et al., 2012; Mu et al., 2011).
GFAS emissions are based on fire radiative power and make
use of vegetation-specific aerosol emission factors follow-
ing Andreae and Merlet (2001, with annual updates by
Meinrat O. Andreae). The strongest spurious signals orig-
inating from industrial activity, gas flaring, and volcanoes
should be masked. However, in our simulations we found
unrealistically high charcoal emissions over Iceland. These
“emissions” are most likely caused by lava, which emits
a signal at the same wavelength at which fires are de-
tected. As an example, the volcano Bardarbunga caused
huge eruptions over Iceland in August/September 2014,
coinciding with extremely high fire emissions in GFAS
(2.32× 10−11 kgm−2 s−1 averaged between 62◦N, 26◦W
and 67◦N, 11◦W for September compared to global mean
emissions of 1.57× 10−13 kgm−2 s−1 for the same month).
Therefore, we decided to mask all fire emissions over Iceland
for our simulations. Furthermore, note that some fires are not
detected by the satellite when clouds obscure the fire radia-
tive power signal or when the signal is below the detection
limit (which depends on the distance to sub-satellite track;
Kaiser et al., 2012). Other uncertainties of biomass burning
emissions include for example uncertainties in emission fac-
tors or land cover maps (Akagi et al., 2011; Fritz and See,
2008). More details about GFAS can be found in Kaiser et al.
(2012).
Observations show that the larger the microscopic char-
coal particles, the smaller their corresponding number con-
centration (e.g. Clark and Hussey, 1996). This implies that
the number geometric mean radius rg of our emitted charcoal
size distribution should be smaller than the lower threshold
of microscopic charcoal detection (DM = 10µm); i.e. the ob-
servations rather lie on the descending branch of the emitted
log-normal size distribution (see Fig. S2).
The airborne measurements by Radke et al. (1990) only
show one clear maximum in the number size distribution at
radius r = 0.05µm, which we attribute to aerosol particles
other than charcoal (e.g. BC and OC). There is however a dis-
tinct flattening of the negative slope above r ≈ 0.5µm, which
could well be caused by an increase in the charcoal particle
number concentration. From the study by Clark and Patter-
son (1997), who analysed deposited charcoal distributions,
we estimate that the number geometric mean radius is≈ 5µm
(using R = 2). Based on these two studies, we roughly esti-
mate that the number geometric mean radius at emission lies
in the range between 0.5 and 5µm.
In contrast to the studies by Clark (1988a) and Higuera
et al. (2007), our fire plume heights depend on the planetary
boundary layer (PBL) height (Veira et al., 2015), which is
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illustrated in Fig. S1. If the PBL height is lower than 4km,
75% of the fire emissions are distributed between the sur-
face and the model layer below the PBL height (at a con-
stant mass mixing ratio), 17% are injected in the first model
layer above the PBL height, and 8% are injected in the sec-
ond layer above the PBL height. In the rare cases of the PBL
height being larger than 4km, the plume height is set to the
PBL height and the emissions are equally distributed from
the surface to the model layer below the PBL height.
We assume that all charcoal is emitted as insoluble, non-
hygroscopic particles because of their rather high carbon
content and inertness (Preston and Schmidt, 2006). Observa-
tions have shown that BC, which has an even higher carbon
content than charcoal, can take up soluble material and then
undergo further hygroscopic growth (Shiraiwa et al., 2007;
Zhang et al., 2008). Hence, we assume that the same holds
for charcoal particles, i.e. that charcoal particles can become
internally mixed and thus be shifted to the soluble mode. This
is explained in the following section.
3.1.3 Interactions with other aerosol particles
Charcoal particles can be shifted from the insoluble giant to
the soluble giant mode by two processes: (i) Brownian coag-
ulation with soluble particles from the nucleation or Aitken
mode and (ii) condensation of sulfuric acid on the particle
surface. Coagulation with larger modes is not considered be-
cause the Brownian motion of these particles is very low and
coagulation is therefore not effective. Schutgens and Stier
(2014) reported that even coagulation between the Aitken
(BC, OC, sulfate) and the coarse mode (dust) is negligible,
which suggests that the same might be the case for the Aitken
and the giant mode (charcoal). Since charcoal particles – in
contrast to dust – are co-emitted with BC, OC, and sulfate,
we decided to nevertheless implement the coagulation be-
tween the giant and the Aitken mode. By coagulation, the
aerosol species BC, OC, and sulfate can be transferred to the
soluble giant mode. The soluble giant mode is therefore a
mixture of different aerosol species, whereas the insoluble
giant mode is exclusively comprised of charcoal.
In our model, the condensation of sulfate shifts the char-
coal particle to the soluble mode when at least one mono-
layer of sulfate covers the surface of the charcoal particle.
Therefore, large charcoal particles are less likely to be trans-
ferred to the soluble mode by condensation of sulfate than
small charcoal particles.
It is assumed that the soluble giant mode is internally
mixed, i.e. that each individual aerosol particle consists of
all components present in the mode. As soon as charcoal has
been shifted to the soluble mode, the particles can grow fur-
ther by water uptake when hygroscopic material like sulfate
is present. In-cloud-produced sulfate mass can sometimes be
added to the giant soluble mode when cloud droplets evapo-
rate (see Sect. S2.1).
3.1.4 Interactions with microphysics and radiation
To our knowledge, the propensity of charcoal to act as a cloud
condensation nucleus or ice-nucleating particle and the re-
fractive index (RI) of microscopic charcoal have not been
studied. In our model, mixed aerosol particles containing
charcoal in the soluble giant mode can act as cloud condensa-
tion nuclei following the Abdul-Razzak and Ghan (2000) ac-
tivation scheme. Charcoal itself does not dissociate. Further,
we assume that charcoal particles cannot initiate freezing of
cloud droplets. Concerning the interaction with radiation, we
used the same RI as for dust; for explanation, see Sect. S1.2.
We do not expect these decisions to have a large impact
on the atmospheric transport of charcoal particles since most
charcoal particles do not reach levels where heterogeneous
freezing becomes important, and the absorption of charcoal
particles is likely too small to change the thermodynamic
profile of the atmosphere.
3.1.5 Removal processes
Aerosol particles can be removed by three processes in
HAM: wet deposition, gravitational settling, and dry depo-
sition. Wet deposition in ECHAM6-HAM2 includes both in-
cloud and below-cloud scavenging (Croft et al., 2009, 2010).
Furthermore, the calculation distinguishes between liquid,
mixed-phase, and ice clouds, as well as between stratiform
and convective clouds. The wet-deposition calculation ex-
plicitly considers the sizes and the solubility of the aerosol
particles. To prevent numerical instability, settling aerosol
particles cannot fall through more than one model layer
within one time step. However, this should not considerably
change the spatial gravitational settling pattern (for details,
see Sect. S2.2). In contrast to gravitational settling and wet
deposition, dry deposition is only calculated near the surface.
It accounts for the fact that a higher surface roughness leads
to an increased aerosol flux to the surface because of tur-
bulence. The surface roughness varies for different surface
types, e.g. forest, water, or ice. Since gravitational settling is
artificially slowed down near the surface on rare occasions
(Sect. S2.2), dry deposition might take over and could there-
fore be somewhat overestimated.
3.1.6 Additional diagnostics
As mentioned in Sect. 3.1.2, we estimate the number geo-
metric mean radius of the emitted charcoal size distribution
to lie in the range 0.5–5µm. This implies that a substantial
portion of the simulated charcoal particles are smaller than
Dm = 10µm and are therefore not included in the counts un-
der the microscope. When comparing the simulated number
fluxes to the surface with observations, we therefore want to
exclude these small particles in our diagnostics. However, in
the standard set-up of ECHAM6-HAM2, only the total sur-
face fluxes for each giant mode are calculated. To circumvent
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Table 1. Exemplary results of test simulations with different param-
eters (emission number geometric mean radius remi in µm, thresh-
old radius rthr in µm, and density dens in gcm−3). The scaling
factor is the same for all simulations (SF= 34); the numbers hardly
depend on the scaling factor. The parameters chosen for further sim-
ulations are marked in bold.
Parameters Pearson Spearman Quartile
correlation rank coefficient
correlation of dispersion
remi2.5,rthr3.9,dens0.5 0.22 0.70 0.28
remi2.5,rthr3.9,dens0.6 0.22 0.70 0.31
remi2.5,rthr4.9,dens0.5 0.22 0.69 0.32
remi2.5,rthr4.9,dens0.6 0.22 0.68 0.37
remi4,rthr3.5,dens0.5 0.22 0.69 0.33
remi4,rthr3.9,dens0.5 0.22 0.69 0.36
remi5,rthr3.5,dens0.45 0.23 0.69 0.34
remi5,rthr3.5,dens0.5 0.23 0.68 0.36
remi5,rthr3.9,dens0.5 0.22 0.68 0.38
remi5,rthr3.9,dens0.6 0.22 0.68 0.41
remi5,rthr4.9,dens0.5 0.22 0.68 0.44
remi5,rthr4.9,dens0.6 0.21 0.67 0.47
this problem, we implemented additional diagnostics which
calculate how many particles above a threshold radius are
deposited. More information can be found in Sect. S2.3.
3.2 Model simulations
In this study, we used a model resolution of T63L31, which
corresponds to a grid box size of 1.9 ◦× 1.9 ◦ (≈ 200km ×
200km at the Equator) with 31 vertical layers. For all simu-
lations, we used a spin-up time of 3 months. We conducted
test simulations to find suitable values for charcoal emis-
sion factors and three uncertain parameters described below.
As mentioned previously, we increased the BC mass emis-
sions by a scaling factor (SF) to estimate the charcoal emis-
sions. These test simulations were nudged towards 6-hourly
ERA-Interim data from April 2012 to May 2015 to cover the
same time period as the calibration data set used to evalu-
ate the model performance. First, three charcoal parameters
were varied in the test simulations at a constant scaling factor
(SF= 34): the threshold radius (above which charcoal parti-
cles are counted), the emission number geometric mean ra-
dius, and the density. As an initial guess, we set the emission
number geometric mean radius to req = 2.5µm, the thresh-
old radius to req = 3.9µm (corresponding to R = 2), and the
density to 0.5gcm−3. In Table 1, we refer to this simula-
tion as remi2.5,rthr3.9,dens0.5. The values were varied in the
ranges derived from the literature (see Sect. 3.1.2). Based on
the comparison with the observations, we selected the best
parameter set and then estimated which scaling factor is in
best agreement with the observations.
Finally, we conducted a nudged and a free simulation of
10 years each (January 2005 to December 2014) with the
derived parameter set and scaling factor and compared our
results with the observations described in Sect. 2.2.
For all simulations, we used 3-hourly fire emissions based
on daily GFAS emissions (see Sect. 3.1.2). The other pre-
scribed aerosol emissions are monthly means and do not
show interannual variability. For most of these aerosol par-
ticles, we used present-day emissions (year 2000) from the
Atmospheric Chemistry and Climate Model Intercomparison
Project (ACCMIP; Lamarque et al., 2010). Dust, sea salt, and
oceanic dimethyl sulfide emissions were calculated within
the model at every time step.
To compare the simulations with the observations (e.g. cal-
culating correlation coefficients), we used the SciPy package
(Jones et al., 2001–).
4 Results and discussion
4.1 Calibration of emissions
We conducted test simulations and compared the result to the
European observations from Adolf et al. (2018). Three mea-
sures were used for the comparison: (i) the Pearson correla-
tion, which is a measure for linear correlation; (ii) the Spear-
man rank correlation, which assesses monotonic relation-
ships; and (iii) the quartile coefficient of dispersion, which is
a normalised and robust variability measure (Q3−Q1
Q3+Q1 , where
Q1 and Q3 are the first and third quartiles, respectively). Ta-
ble 1 shows some parameter combinations with positive cor-
relation coefficients. In all test simulations, the correlation
coefficients are very similar. While the Pearson correlation
coefficients are low (0.21–0.23) and statistically insignifi-
cant, the Spearman rank correlation coefficients are much
higher (0.67–0.69) and statistically significant. One reason
for that is some observations with clearly larger charcoal
fluxes than the simulated values (“outliers”) since the Pear-
son correlation coefficients are much more sensitive to out-
liers than the Spearman rank correlation coefficients. These
outliers can nicely be seen in Fig. S4 for the example of
remi2.5,rthr3.9,dens0.5. Two of them (black in Fig. S4) are
sites expected to be influenced by surface run-off (Laguna
Zóñar and Mont d’Orge), which explains the discrepancy
between observations and model results. Removing these
two points from the calculation causes the Pearson corre-
lation to increase (e.g. from 0.22 to 0.26 for simulation
remi2.5,rthr3.9,dens0.5). The other outliers (dots in Figs. S4
and S5 above 40000no.cm−2 yr−1 on the y axis) are sites
located in Sicily and southern France. A minor part of the
deviation might be due to the proximity of these sites to
the ocean. In this case, the grid boxes contain both land and
ocean, which leads to an underestimation of charcoal emis-
sion fluxes over land in the model.
In all test simulations, we found that the variability of char-
coal fluxes is clearly underestimated. We think that the two
following reasons are mainly responsible for the larger vari-
ability in the observations compared to the model:
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– Model resolution. Sub-grid variability cannot be re-
solved by the model; i.e. the simulated emissions
and depositions are an average over the whole grid
box. In contrast, the observation sites can differ by a
large amount, e.g. concerning the distance to burnable
biomass, especially in the highly fragmented landscapes
of Europe.
– Uncertainties in fire emissions. Some fires might not
be detected by the satellite (e.g. due to dense clouds)
and therefore might not be accounted for in the sim-
ulated emissions. Furthermore, charcoal particle emis-
sions could show a different variability concerning veg-
etation than BC does; i.e. the charcoal emissions per
mass of burnt biomass might vary more between dif-
ferent vegetation types than we assumed.
The quartile coefficients of dispersion (Table 1) show that
the variability differs between the test simulations. The sim-
ulation with the highest variability (remi5,rthr4.9,dens0.6,
albeit still having a lower variability than the observations)
has only slightly lower correlation coefficients than the other
simulations. Therefore, we choose this parameter set as the
“best”. However, we are aware that choosing the parameter
set with the highest variability might compensate for errors
not related to the parameters (e.g. the model resolution) that
are responsible for an underestimated variability. Further-
more, none of the parameter sets has a statistically significant
Pearson correlation. Therefore, we cannot conclude from our
simulations which parameter set is the most realistic one.
For the chosen parameter set (remi5,rthr4.9,dens0.6), we
conducted simulations with different scaling factors (see
Fig. 1). The correlation coefficients and the quartile coeffi-
cients of dispersion hardly depend on the scaling factor be-
cause charcoal particles do not coagulate with each other.
We did not use the root mean squared error as a measure
for the best scaling factor because the charcoal observations
span several orders of magnitudes and the absolute deviations
would be biased by the highest absolute charcoal fluxes (in-
cluding the outliers). Instead, we consider the scaling factor
for which approximately the same number of observations
lies above and below the 1 : 1 line to be in best accordance
with the observations. This is the case for a scaling factor of
the order of SF= 250 (see Fig. 1c), which furthermore has
the smallest mean absolute error. However, note that the scal-
ing factor depends on the chosen parameter set. Considering
all parameter sets listed in Table 1, the best scaling factors
range between SF≈ 50 and ≈ 250.
Figure 2 shows the observed and the simulated charcoal
fluxes over Europe. Overall, the model is able to capture the
European north–south gradient in charcoal fluxes, with lower
values in the north.
In the next section, we will validate the model with obser-
vations from different regions of the world.
4.2 Comparison with observations
In this section, we compare our simulated charcoal fluxes
with independent observations. Here, we show results for the
nudged 10-year model simulation; those of the free 10-year
simulation are very similar (for comparison, Fig. S5 shows
the same as Fig. 3 but for the free simulation). For the three
ice cores spanning a recent multi-annual period, we average
the model output over the same time periods (2005 to sum-
mer 2009 for Tsambagarav, 2005 to 2014 for Colle Gnifetti,
and 2008 to 2014 for Illimani). For all other observations, we
use the mean over the whole simulation for comparison.
As for the calibration simulations described in Sect. 4.1,
the high variability in the observations is not reproduced
by the model (see Fig. 3). For Bhutan, Italy, Switzerland,
and Georgia, several lake sediment samples were collected
in a small geographical region and are therefore not fur-
ther distinguished in Fig. 3 (black, yellow, green, and orange
symbols, respectively; medians over these samples shown as
large pentagrams). The regional medians of the observations
are rather close to the simulated median charcoal fluxes, indi-
cating that the simulated fluxes are representative for a large
scale. While the simulated median over Italy agrees very well
with the observations, it is overestimated for Switzerland,
Georgia, and Bhutan. Note that most of the data are also
shown on a linear scale (Fig. 4), where we zoom in for better
visibility (red frame in Fig. 3). The data from Connor (2011)
(orange crosses) are the only ones originally measured in
area fluxes and afterwards converted to number fluxes (see
Sect. 2.2). The converted number fluxes compare well with
the other observations and the model results, which indicates
that the regression from Tinner and Hu (2003) can indeed be
applied in this case.
Most simulated fluxes deviate by less than 1 order of
magnitude from the observations, providing evidence that
the simulated results are in good agreement with observed
values at the sites. However, the charcoal flux values are
highly overestimated for all ice cores (triangles), for three
peats in the Alpine region (Mauntschas, Rosaninsee, and
Wengerkopf), and for the sediment from Lake Kharinei
(northern Russia). The model probably overestimates the
fluxes at the ice core sites because of their high location
within complex topography. The model is not able to sim-
ulate these high locations correctly since the surface altitude
is constant over the whole grid box; i.e. the topography is
smoothed. The simulated grid box averages are therefore not
comparable to the ice core measurements. In reality, ice cores
are located above the top plume height of most fires (Rémy
et al., 2017), which may prevent transport of charcoal parti-
cles to them. Furthermore, the simulated fire emission height
has a bias towards higher plume heights (Veira et al., 2015),
which likely also contributes to the overestimation of simu-
lated charcoal fluxes for sites above 4000m (Rodophu-2 and
all ice cores except Greenland). In addition, we expect that
this bias leads to an overestimation of the simulated transport
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Figure 1. Simulated vs. observed number fluxes of charcoal particles above the threshold radius (in cm−2 yr−1) using the chosen estimate
of parameters (an emission number geometric mean radius of req = 5 µm, a threshold radius of req = 4.9 µm, and a charcoal density of
0.6 g cm−3). The scaling factor increases from (a) to (d) (see legends). The two black dots show the sites likely influenced by surface
run-off.
of charcoal to remote locations, which could explain the high
simulated fluxes at Lake Kharinei and in Greenland. Another
explanation for the overestimated simulated fluxes in Green-
land is an increase in fire activity: GFAS data between 2003
and 2015 suggest that the fire emissions in Greenland might
have increased in recent years. Fire activity was recorded in
the years 2003, 2007, and all years from 2011 onwards, with
highest aerosol emissions occurring in 2015. Therefore, it is
possible that the fire activity was lower in 1989 (when the ice
core was drilled) than in the simulated period (2005–2014).
For the alpine sites, the observed fluxes might again not be
representative for the whole grid box due to the small-scale,
heterogeneous landscape around these observation sites (fire
emissions and vegetation cover are constant in one model
grid box).
Overall the chosen scaling factor (SF= 250) describes the
data well; i.e. a global charcoal scaling factor seems to be
justified. However, the validation data set does not cover
certain regions (e.g. Africa or Australia) and is biased to-
wards northern mid-latitudes. The correlation between ob-
served and simulated fluxes is 0.59 and 0.48 for the Pearson
and the Spearman rank correlation, respectively, and in both
cases statistically significant.
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Figure 2. (a) Observed vs. (b) simulated number fluxes of charcoal particles above the threshold radius (in cm−2 yr−1) using the chosen
estimate of parameters (an emission number geometric mean radius of req = 5µm, a threshold radius of req = 4.9µm, and a charcoal density
of 0.6gcm−3).
4.3 Global distribution considering all microscopic
charcoal particles
The global microscopic charcoal burden, i.e. the vertically
integrated mass of microscopic charcoal particles in the at-
mosphere (above the threshold radius), is shown in Fig. 5a
averaged over the 10-year nudged simulation. As expected,
the burden is highest where most biomass burning emissions
occur, namely in the tropics followed by the northern high
latitudes (mainly Siberia and North America; Kaiser et al.,
2012). The simulated global mean burden above the thresh-
old radius is 1.44× 10−6 kgm−2, i.e. approximately 6 times
larger than the burden of BC, which is 2.37× 10−7 kgm−2
including all BC sources and sizes (shown in Fig. 5b). Al-
though the largest charcoal burdens occur near the emission
sources, significant fractions of charcoal mass are transported
hundreds of kilometres in the model, which is for example
the case near the east coast of North America or the west
coast of central Africa.
Most of the charcoal above the threshold radius resides in
the insoluble mode in terms of number and mass, and only a
few percent is shifted to the soluble mode (see Fig. 6). The
small contribution of the soluble mode can be explained by
the large size of the charcoal particles (limiting amount of
coating material) and the related short atmospheric lifetime.
Beside charcoal, the soluble mode is predominantly com-
prised of sulfate (and water), while the mass contributions
of BC and OC are small (not shown).
4.4 Deposition of microscopic charcoal particles
As expected, the different atmospheric removal processes for
charcoal particles above the threshold radius differ in geo-
graphic distribution (see Fig. 7). While gravitational settling
and dry deposition become less important the larger the dis-
tance to the emission source, this is not generally the case
for wet deposition. Large wet-deposition fluxes are observed
where (simulated) precipitation is high, e.g. along the At-
lantic storm track. Contrary to gravitational settling, dry de-
position depends on the surface properties (Stier et al., 2005).
Therefore, dry-deposition fluxes are small over the ocean
compared to over land.
Overall, gravitational settling is the most important re-
moval process, followed by dry deposition and then wet de-
position. Although gravitational settling and dry deposition
dominate the global charcoal deposition, wet deposition is
the dominant removal process in some remote regions like
part of Greenland.
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Figure 3. Simulated vs. observed number fluxes of charcoal particles above a threshold radius of req = 4.9µm (in cm−2 yr−1) for the
validation data set (with an emission number geometric mean radius of req = 5µm and a charcoal density of 0.6gcm−3). The triangles refer
to observations from ice cores; all other data are from sediments. The same colours are used for samples from the same countries. The data
from Connor (2011) are distinguished by symbols (X’s) because a different method was used. To improve readability, the different sediment
observations from Bhutan, Italy, Switzerland, and Georgia are not further distinguished in the legend since the observation sites in these
countries are close together. The median over them is illustrated by the large pentagrams. The red frame shows the axis limits of Fig. 4. The
black solid line is the 1 : 1 line; the lines that are 1 order of magnitude away from the 1 : 1 line are dotted.
Figure 4. The same as Fig. 3 but on a linear scale with different axis
limits (corresponding to the red frame in Fig. 3).
5 Conclusions
Charcoal records from lake sediments are widely used to re-
construct past fire activity. More recently, charcoal particles
have also been studied in ice cores. In this paper, we imple-
mented microscopic charcoal particles into a global aerosol–
climate model. Comparing simulated with observed charcoal
fluxes might help to quantitatively reconstruct past fire ac-
tivity. A recent and comprehensive charcoal data set from
Europe was used for calibration of model emissions. Increas-
ing BC fire emissions by a factor of 250 resulted in the best
match between the model and observations, but this scaling
factor depends on the chosen parameter set (ranging from
≈ 50 to ≈ 250 for the parameter sets that we tested). Al-
though the model is not able to reproduce the high local vari-
ability of the observations, it captures the large-scale pattern
of charcoal deposition (e.g. the north–south gradient in Eu-
rope) reasonably well. The charcoal fluxes for the validation
data set, which covers different locations across the globe,
are well captured with the constant charcoal scaling factor
derived from the European calibration data set. However, our
validation data set consists mostly of samples from northern
mid-latitudes. We also found an underestimation in variabil-
ity for the validation data set but a positive, statistically sig-
nificant correlation between modelled and observed fluxes.
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Figure 5. Simulated aerosol burden averaged over 10 years for (a) charcoal and (b) black carbon. For the charcoal burden, only particles
above the threshold radius of req = 4.9µm are considered. A charcoal emission number geometric mean radius of req = 5µm and a charcoal
density of 0.6g cm−3 were used.
Figure 6. Ten-year zonal average of the charcoal mass concentration above the threshold radius (req = 4.9µm) in (a) the soluble and (b)
the insoluble giant mode and of the number concentration of (charcoal) particles above the threshold radius in (c) the soluble mode and (d)
the insoluble giant mode (using an emission number geometric mean radius of req = 5µm and a charcoal density of 0.6g cm−3). The right
y axis shows to which altitude the model layers approximately correspond.
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Figure 7. The number fluxes (number of particles above a threshold radius of req = 4.9µm in cm−2 yr−1) of the three different charcoal
removal processes in the model (with an emission number geometric mean radius of req = 5µm and a charcoal density of 0.6g cm−3): (a)
gravitational settling, (b) dry deposition, and (c) wet deposition.
The model shows a systematic positive bias for the ice core
observations, which is likely due to the high altitude of the
ice core sites as well as the complex topography around them.
As expected, the largest simulated charcoal deposition
fluxes occur near fires. However, the model suggests that a
non-negligible amount of microscopic charcoal particles is
transported over large distances and therefore reaches remote
locations (although comparisons with observations indicate
that the model might overestimate long-range transport). In
the model, only a few percent of charcoal particles is mixed
with soluble material in the atmosphere.
The Global Paleofire Working Group (Hawthorne et al.,
2017) aims for more standardised charcoal observations that
cover all relevant fire regions. Here we suggest that more sys-
tematic and standardised observations of microscopic char-
coal as number fluxes (with e.g. maximum particle dimen-
sion > 10µm, as in Adolf et al., 2018) could help to im-
prove data–model comparisons and to verify whether a con-
stant scaling factor indeed describes the data well on a global
scale. In future studies, our new framework allows global
modelling of charcoal and other biomass-burning-relevant
tracers such as black carbon, which may improve the under-
standing of the representativeness of individual fire proxies.
In addition, simulating microscopic charcoal particles using
the scaling factor found might allow us to quantitatively val-
idate past fire emissions provided by fire models. The valida-
tion of fire models is essential to improve the understanding
of the key drivers of fires and to gain confidence in projec-
tions of future fire activity.
Code availability. The ECHAM-HAMMOZ model is made freely
available to the scientific community under the HAMMOZ Soft-
ware Licence Agreement, which defines the conditions under which
the model can be used. More information can be found at the HAM-
MOZ website (https://redmine.hammoz.ethz.ch/projects/hammoz,
ECHAM-HAM(MOZ) developers, 2018).
Data availability. You can find the data at https://data.iac.ethz.ch/
Gilgen_et_al_2018_Charcoal (Gilgen, 2018).
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